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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
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MEASUR]ggENTS OF AERODYNAMIC HEAT TRANSFER AND
BOUNDARY-LAYER TRANSITION ON A 15 ° CONE
IN FREE FLIGHT AT SUPERSONIC MACH
NL_4BERS UP TO 5-21
By Charles B. Rumsey and Dorothy B. Lee
SU_@IARY
Measurements of aerodynamic heat transfer have been made at several
stations on the 15° total-angle conical nose of a rocket-propelled model
in free flight at Mach numbers up to 5.2. Data are presented for a range
of local Mach number just outside the boundary layer from 1.40 to 4.65
and a range of local Reynolds number from 3-8 x 106 to 46. 5 x 106 , based
on length from the nose tip to a measurement station.
Laminar, transitional, and turbulent heat-transfer coefficients were
measured. The laminar data were in agreement with laminar theory for
cones, and the turbulent data agreed well with turbulent theory for cones
using Reynolds number based on length from the nose tip.
At a nearly constant ratio of wall to local static temperature of 1.2,
the Reynolds number of transition increased from 14 x 106 to 90 x 106 as
Mach number increased from 1.4 to 2.9 and then decreased to 17 X 106 as
Mach number increased to 3.7.
At Mach numbers near 3-5, transition Reynolds numbers appeared to
be independent of skin temperature at skin temperatures very cold with
respect to adiabatic wall temperature.
The transition Reynolds number was 17.7 x 106 at a condition of Mach
number and ratio of wall to local static temperature near that for which
three-dimensional disturbance theory has been evaluated and has predicted
laminar boundary-layer stability to very high Reynolds m_bers (_i012).
iSupersedes recently declassified NACA Research Memorandum L56F26
by Charles B. Rumsey and Dorothy B. Lee, 1956.
2INTRODUCTION
A program for the investigation of aerodynamic heat transfer and
boundary-layer transition on bodies in free flight at high supersonic
speeds is being conducted by the Langley Pilotless Aircraft Research
Division. The first results of this program were measurementsof tur-
bulent heat transfer at single points on a parabolic nose and on two lO°
total-angle conical noses at Machnumbersnear 4 (refs. 1 and 2) and on
a modified yon K_rm_unose shape tested to Machnumber10.4 (ref. 3).
After the development of a system for commutating and telemetering
thermocouple measurementsof skin temperature at several points on a
body, laminar and turbulent heat-transfer data were measuredat six
stations on a parabolic body (NACAEM-lO) at Machnumbers up to 4.2
(ref. 4), and on a l0 ° total angle conical nose at Machnumbersup to
about 5 (ref. 5).
The purpose of the present test was to investigate the heat transfer
and location of transition on a sharp 15° total-angle cone at Machnum-
bers up to 7, by meansof skin-temperature measurementsat several sta-
tions along the conical nose of a three-stage rocket-propelled model.
Becauseof a partial telemeter failure, skin-temperature data ended at
a time about half way through burning of the final propulsion stage, that
is, at a Machnumberof 5.2. Other telemetered data were obtained until
a short time after the peak Machnumber of 7.3.
Skin-temperature measurementswere obtained at nine stations along
the 31-inch nose of the model. Laminar, turbulent, and transitional
heat-transfer data and transition Reynolds numberswere measuredduring
the test which covered a range of local Machnumber just outside the
boundary layer on the cone from 1.40 to 4.65 and a range of local Reynolds
numbers based on length from the nose tip to a measurementstation from
3.8 x 106 to 46.5 x 106•
The flight tests were conducted at the Langley Pilotless Aircraft
Research Station at Wallops Island, Va.
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SYMBOLS
A
cf
area, sq ft
local skin friction coefficient
h
CH Stanton number,
gCpPvVv
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Cp
Cw
g
h
J
K
Kw
M
Pr
Q
R
R.F°
T
t
V
X
E
P
Pw
T
specific heat of air at constant pressure, Btu/ib-°F
specific heat of wall material, Btu/ib-°F
gravitational constant, 32.2 ft/sec 2
local aerodynamic heat-transfer coefficient, Btu/ft2-sec-°F
mechanical equivalent of heat, ft-lb/Btu
thermal conductivity of air, Btu-ft/ft2-sec-°F
thermal conductivity of wall material, Btu-ft/ft2-sec-°F
Mach number
Prandtl number _ gCp_/K
quantity of heat, Btu
Reynolds number _ pVX/_
Taw - Tv
recovery factor -
Tso - Tv
temperature, OR, except as noted
time, sec
velocity, ft/sec
distance along nose surface from tip, ft
Stefan-Boltzman constant, 4.8 x 10 -13 Btu/sec-ft2-°R 4
ratio of emissivity of skin to emissivity of a black body
density of air, slugs/cu ft
density of wall material, ib/cu ft
thickness of wall, ft
viscosity of air, slugs/ft-sec
4Subscripts:
aw
o
so
v
w
tr
adiabatic wall
undisturbed free stream ahead of model
stagnation
local condition just outside the boundary layer
wall
condition at beginning of transition
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The model was a body of revolution 7_ feet long with a conical nose,
a cylindrical midsection, and conical-flare rearward section. Figure l(a)
is a photograph of the model, and pertinent dimensions are given in fig-
ure l(b). The 15° total-angle conical nose was 31 inches long and con-
sisted of a spun Inconel skin approximately 0.027 inch thick with a
stainless-steel tip, hollowed out as indicated in figure l(b) and welded
to the conical skin. The radius of the point of the nose tip was approxi-
mately 0.010 inch. The exterior surface of the entire nose was highly
polished and the surface roughness, as measured by a Physicists Research
Company profilometer, was from 6 to i0 microinches root mean square. The
8.5-inch-diameter cylindrical section and the lO ° half-angle conical flare
were made of rolled Inconel. The flare skin was backed by balsa wood to
maintain its shape.
Two channels, 3/4 inch wide by 1/4 inch high, were located externally
on opposite sides of the cylindrical part of the body to provide cable
conduits from the telemeter in the nose of the model to the base of the
flare where the power plugs and antenna were located.
The propulsion system consisted of two booster stages, each being
an M-5 JAT0 rocket motor, and a T-40 sustainer motor. Because the sus-
tainer motor was to fire at high altitude, it was equipped with a special
nozzle designed to expand the exhaust gases to the static pressure for
50,000 feet altitude. A photograph of the model-booster combination on
the launcher is shown in figure l(c).
The model was launched at an elevation angle of 70° . The first
booster accelerated the combination to a Mach number of 1.47, where it
drag separated at burnout. The second-stage booster and the model, which
were locked together, coasted upwards for a predetermined time until the
second-stage booster ignited and accelerated them to a Mach number of 4.2.
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After a three-second coasting period, the sustainer motor fired and its
blast caused disengagement of the second-stage booster. The sustainer
motor accelerated the model to a Mach number of 7.2.
During the test, skin temperatures along the conical nose were meas-
ured by means of thermocouples at points 6.5, 9.5, ii, 12.5, 14, 15.5,
17, 25, and 29 inches from the nose tip. (Thermocouples located at
8 inches and 21 inches failed to record.) The thermocouples were no. 30
cl_romel alumel wire and were spot welded to the inside surface of the skin
at the measurement stations. The thermocouple readings and three refer-
ence voltages (supplied by mercury cells) were commutated and transmitted
by the telemeter in the nose of the model. The commutation rate was such
that the temperature at each station was recorded every 0.2 second. The
three reference voltages, also recorded every 0.2 second, were chosen
equivalent to zero scale, half scale, and full scale of the thermocouple
temperature range, and thus supplied an inflight check for the calibra-
tion of the temperature measurement system.
Thrust and drag acceleration were also telemetered, and although the
telemeter channel carrying the temperature measurements stopped transmit-
ting during firing of the sustainer motor, the accelerometer channels con-
tinued to transmit until a time shortly after burnout of the sustainer
motor.
Velocity data were obtained by means of CW Doppler radar and the
altitude and flight-path data were measure4 by an NACA modified SCR-584
tracking radar. The model went out of range of the CW Doppler radar just
before burnout of the sustainer motor, and Doppler velocity data were
extended to the time of telemeter failure by integration of the telem-
etered acceleration. Atmospheric and wind conditions were measured by
means of radiosondes launched near the time of flight and tracked by an
AN/C_MD-IA Rawin set.
Figure 2 shows time histories of the flight Mach number and the free-
stream Reynolds number per foot. The variation of altitude with time is
shown in figure 3.
DATA REDUCTION
The time rate of change of heat within the skin at a given station
on the conical nose can be written
dQ
dt
dTw
- PwTCw A --
dt
= hA(Taw- Tw)- A_cTw 4 + AKw'[_2 w
(i)
This equation neglects heat absorbed by the skin from solar radia-
tion and heat radiated by the skin to the inner radiation shield. Esti-
mates show that each of these factors is negligible for the test con-
ditions and, furthermore, their effects on the determination of the heat-
transfer coefficient are compensating.
The last term on the right-hand side of equation (i) represents the
heat flow due to conduction along the skin, Computation showed that the
effect of conduction on the aerodynamic heat-transfer coefficient was
always less than 2 percent (generally much less); therefore, the last
term was disregarded.
The expression for the aerodynamic heat-transfer coefficient is then
dTw
PwTCwdT+ _cTw_
h : (2)
Taw - Tw
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Experimental values of h were determined at each station for several
times during the test by using the measured skin temperature Tw and
the rate of change of skin temperature with time dTwldt in equation (2).
Other parameters in the equation were determined as follows.
The skin thicknesses T were measured at each station and the
density of Inconel, Pw, was known. The variation of Cw, the specific
heat of Inconel, is given in reference i for the temperature range 30° F
to 930 ° F. The emissivity _ was considered to be 0.3, since refer-
ence 6 shows that for unoxidized Inconel the emissivity varies only
slightly from this value for the present range of skin temperature. It
may be noted that the radiation term in equation (2) contributed less
than 5 percent of the total value in the determination of h in most
cases, and less than 15 percent in all cases. The adiabatic wall tem-
perature Taw was obtained from the relation
Taw= R.F.(Tso Tv) + Tv (3)
with recovery factor equal to PrI/3 for turbulent flow and to Pr I/2
for laminar flow with Pr evaluated at wall temperature. The value
of T v was obtained from the conical-flow tables (ref. 7) with cone
angle and free-stream temperature and Mach number known. The stag-
nation temperature Tso was determined from the energy equation
7V 2 F Tso
- Cp dT
2Jg _ To
(4)
Values of the integral in equation (4) were obtained from table I of
reference 8.
After h had been determined, the Stanton number, based on local
conditions just outside the boundary layer, was calculated from
h
CH - (5)
gCpPvVv
The specific heat of air at Tv was obtained from reference 9. Values
of Ov and Mv were determined from the conical-flow tables (ref. 7)
with the cone angle and free-stream conditions known; values of Vv were
computed from M v and Tv.
RESULTS AND DISCUSSION
Skin Temperature Time Histories
Skin temperatures measured at the forward station (6. 5 inches from
the nose tip) and at the rearmost station (29.0 inches from the nose tip)
are shown in figure 4(a). Prior to 14.3 seconds, when the second-stage
booster fired, the changes in skin temperature were small; but after this
time, the skin temperature at both stations increased rapidly as the Mach
number increased. The heating rates decreased somewhat during the coasting
period between 17.7 seconds and 20.5 seconds, but increased again when the
sustainer motor fired at 20.5 seconds. The large difference in the maxi-
mum temperatures at stations 6. 5 and 29 indicates different types of
boundary layer at the two stations as will be noted later from the heat-
transfer coefficients. Figure 4(b) shows the temperatture time histories
of all the measurement stations during the period of strong aerodynamic
heating and high Mach number from 15 seconds until the thermocouple telem-
eter failed. The temperatures at stations 9.5 and ii.0 were lower than
at station 6.5, but at the further rearward stations the temperatures
were progressively higher. At the two most rearward stations (25 and 29),
the temperatures were similar. The rather sharp changes in slope of the
curves for the intermediate stations indicate changes from laminar to
turbulent boundary layer or vice versa. The character of the boundary
layer and the location of transition can be determined best from the
heat-transfer coefficients and will be discussed subsequently.
Heat Transfer
Local heat-transfer coefficients in the form of Stanton numberwere
reduced from the skin-temperature time histories as described in the sec-
tion on "Data Reduction" for several times during the high Machnumber
portion of the flight after 15 seconds. Heat-transfer data were not
reduced for times prior to 15 seconds because of the low heating rates
as mentioned previously. Figures 5(a) to 5(i) showthe values of CH
obtained at stations 6.5, 9.5, ii.0, 12.5, 14.0, 15.5, 17.0, 25.0, and 29,
respectively. The data are plotted against time because Machnumber,
Reynolds number, and the ratio of wall temperature to local static tem-
perature all vary simultaneously during the test_ thus it was impossible
to isolate their individual effects on CH. The variation of these param-
eters, My, Rv (based on length from the nose tip to the measurement
station), and the temperature ratio TwITv are plotted for each station,
against the sametime scale as the experimental values of CH. The local
Machnumber is identical for each station but is repeated on each figure
for convenience.
For comparison with the experimental CH data, theoretical values
of laminar CH and of turbulent CH for the test conditions are also
plotted. The theoretical laminar values were obtained from the flat-
plate theory of reference i0, multiplied by _ to convert to conical
values. The theoretical turbulent values of CH were determined by
first obtaining values of cf for a cone using the turbulent flat-plate
theory of reference ii and the method of reference 12 to convert to
conical flow. The flat-plate theory of reference 3_Iwas used in the form
assuming the von Karmanmixing length law as suggested on page 16 of ref-
erence 13. The cone values of cf were converted to CH by the rela-
tion CH = 0.6cf according to reference 14. It is to be noted that this
theoretical prediction of turbulent CH on a cone assumesturbulent
boundary layer from the nose tip.
The time histories of experimental CH for stations 6.5, 9-5, and ii
(figs. 5(a), 5(b), and 5(c)) showthat the boundary layer was continuously
laminar at these stations during the test period from 15.0 seconds to
23.4 seconds. During this time, the local Machnumbervaried from 1.42
to 4.65, the local Reynolds numbervaried from 4 X 106 (minimumfor sta-
tion 6.5) to 18 X 106 (maximumfor station ii), and the temperature
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ratio Tw/T v at each station increased from about 1.2 to approximately
2.0. Over this wide range of conditions, there is fair agreement between
laminar theory and the experimental CH data for each of these three
stations, with the largest discrepancies generally occurring at times
near 15 seconds when the accuracy of the experimental data is poorest
because of the small slopes of the temperature-time curves. (See
fig. 4(b).)
At stations 12.5, 14, 15.5, and 17 (figs. 5(d), 5(e), 5(f), and
5(g)), the data were in fair agreement with the laminar theory until
t = 17.0 seconds. As Rv approached its maximum value, which occurred
at 17.4 seconds, the CH values at each of these four stations increased
towards turbulent magnitude, and later, during the period of decreasing
Rv, returned to laminar magnitude. The highest values of CH at sta-
tion 12.5 were transitional (halfway between laminar and turbulent),
whereas at stations 14, 15.5, and 17, they were in agreement with tur-
bulent theory based on length from the nose tip, although turbulent flow
obviously did not start at the nose tip. The rise in CH apparently
began simultaneously at these four stations and therefore at different
values of Rv at each station. At 17.0 seconds, values of Rv were
18.5 x 106 and 25.2 x 106 at stations 12. 5 and 17, respectively. However,
the more rearward stations (of this group of four) remained turbulent
longer, so that the values of Rv when CH again became laminar were
approximately the same at each station "(19.2 x 106 , 18.6 × 106 , 18.8 × 106 ,
and 20.6 × 106 at stations 12.5, 14, 15-5," and 17, respectively). During
the remainder of the test, Rv remained less than these values_ and CH
at stations 12.5 and 14 were continuously in agreement with laminar theory,
whereas at stations 15.5 and 17, the data tended to be somewhat above
laminar theory.
The data for the two most rearward measurement points, stations 25
and 29, are shown in figures 5(h) and 5(i). The heat-transfer coefficients
were laminar at station 25 until the interval between 16.5 and 16.75 sec-
onds when the rise toward turbulent magnitude began at this station. The
value of R v was 33 X 106 at 16.75 seconds. Although transitional flow
began apparently simultaneously at the four previous stations, the fact
that it began 0.25 second earlier at this station discounts the possibility
that a disturbance, such as angle of attack, initiated transition all along
the nose. After CH rose to turbulent magnitude at station 25, it was
in fair agreement with turbulent theory based on length from the nose tip
during the remainder of the test, except for transitional values near
20.5 seconds when Rv decreased to its mlmimum value of 24.5 x 106 •
This minimum was not as low as the Rv values of about 20 x 106 at which
the four previous stations became laminar.
i0
At station 29, CH was turbulent or transitional even during the
early part of the test period. Although station 25 was laminar at values
of Rv as high as 30 x 106 (t = 16.5 seconds), station 29 was transi-
tional at Rv = 22 x 106 (t = 15.5 seconds). After the time of maxi-
mum Rv, CH for this station was consistently in good agreementwith
the turbulent theory based on length from the nose tip, with no indica-
tion of transitional flow as Rv decreased to the minimumof 28.5 x 106•
According to the theory of reference 12, skin friction and heat
transfer on cones in supersonic flow are functions only of the local flow
conditions, and independent of cone angle as such. Therefore, the heat-
transfer data obtained in the present 15° nose cone can be compared
directly with measurementson the I0 ° cones of references i, 2, and 5
at similar local-flow conditions. Data from these references are plotted
on figures 5(e), 5(h), and 5(i) for comparison with the present measure-
ments, and table I lists the local conditions for the reference data and
for the present test.
In figure 5(e), it is interesting to note that the data of refer-
ence 5 show laminar heat transfer changing to turbulent magnitude and
then back to laminar as did the present data during this particular var-
iation of local conditions. The laminar measurementfrom reference 5
plotted at 16.5 seconds is in good agreement with the present data. In
figure 5(h) it is seen that the present data are laminar or transitional
at someconditions for which data of reference 5 were turbulent; however,
whenthe present data were turbulent, they were in good agreementwith
the data of reference 5. Figure 5(i) shows that the turbulent data of
references i and 2 are in good agreement with the present measurementsat
similar local flow conditions.
Transition
The location of transition and the comparison of the experimental
data with laminar and turbulent theory along the nose at particular times
are best seen in the plots of figure 6, which show CH against length
along the cone at each time for which data were reduced. It is apparent
from these plots that the loss of data from station 21, while unfortunate,
is really significant at only a few times, such as 19.0 seconds whenthe
transition from laminar to turbulent flow took place between stations 17
and 25.
From figure 6, it can be seen that over the complete range of the
test, the laminar theory closely predicted the level and trend with nose
length of the laminar CH data, which at times extended as far back as
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station 25 (that is, times 15.5 seconds to 16.5 seconds). Surprisingly,
the turbulent theory, based on length from the nose tip, predicted almost
equally well the level and trend with nose length (that is, Reynolds num-
ber) of the fully turbulent CH data.
It would be expected that the turbulent theory based on lengtll from
the nose tip would underestimate turbulent CH behind a transition
occurring at a reasonably large Reynolds number, as in the present test,
since length from the nose tip would be much more than the effective
turbulent length, that is, the length required to develop the existing
momentum thickness assuming turbulent growth rate. For instance, the
effective turbulent length at 18.0 seconds was computed to be 0.67 inch,
using the assumption that Van Driest's cone theory (ref. 12) is valid
for turbulent flow on a frustum of a cone. Thus, the effective origin
of the turbulent boundary layer was at station 13.33 or 0.67 inch ahead
of the transition station (station 14). The Van Driest turbulent theory
for cones based on length from this origin is plotted for time 18.0 sec-
onds in figure 6(d). The theory based on length from the beginning of
transition (station 14) is also shown for comparison. It is obvious that
either of these methods would have overpredicted almost all, if not all,
of the turbulent CH data obtained in this test.
It is interesting to note that at the earlier times (15 to 17 sec-
onds) the skin temperatures were approximately the same at all stations
except the rearmost, whereas after 17.75 seconds gradients as large as
I00 ° F per inch existed along the skin. (See fig. 4(b).) Nevertheless,
no significant variation is apparent in the CH distributions of fig-
ure 6 which might be attributed to the influence of surface temperature
distribution, and the theories, which assume isothermal surface conditions,
agree equally well with the measurements at times of large and small
gradients.
Figure 6 shows that there was considerable variation in the extent
of transitional flow along the nose, both in Reynolds number and in dis-
tance. For instance, at 17 seconds, the flow was transitional for at
least 12 inches (station 17 to station 29), equivalent to a Reynolds
number span of 17.9 X 106; whereas at 17._ seconds the flow was transi-
tional only between stations ii and 14, a distance of 3 inches and equiv-
alent to a Reynolds number span of 4.82 x 106 • The variation in extent
of transitional flow does not seem to correlate with any of the basic
variables such as Mach number, Rv/ft , or transition Reynolds number.
Values of transition Reynolds number Rtr , defined herein as local
Reynolds number at the beginning of transition from laminar to turbulent
flow, were determined from the CH distributions of figure 6 and are
noted thereon. The beginning of transition was assumed to occur at the
12
most rearward measurementstation having a laminar CH value. Although
laminar CH may exist somewhatdownstreamof the last laminar measure-
ment station, the station spacing is such that with one exception Rtr
determined in this manner could be no more than about i0 percent too
small. The exception is when station 17 was the most rearward laminar
station, in which case Rtr could be as muchas 35 percent greater than
the value based on station 17 (because of the loss of data from station 21).
In figure 6, Rtr is noted on the basis of the last laminar station, but
in subsequent figures where values of Rtr are plotted, the probable
range of Rtr is indicated for the cases where station 17 was the most
rearward laminar station. Becausedetermination of the beginning of
transition at 21.5 and 22.0 seconds would be very arbitrary, no values
of Rtr have been specified for these times.
In figure 7, the temperature ratio TwITv at the transition station
is plotted against local Machnumber. During the large increase in Mach
numberfrom 1.42 to 3.84, TwITv remained about constant at 1.2_ and
during the increase in Machnumberfrom 3.33 to 4.64, TwITv was approxi-
mately constant near 2.4. During the coast period, Tw/Tv'" rose from 1.23
to 2.27 whereas the decrease in Machnumberwas relatively small (from 3.84
to 3.33). This pattern makes it possible to plot the variation of Rtr
with Mv at nearly constant TwITv, and its variation with Tw/Tv at
approximately constant Mv, as is done in subsequent figures.
The values of Rtr corresponding to each point are noted in the
figure. The largest value of Rtr was 30.3 X 106 and occurred at
16.5 seconds when Mv and TwITv were 2.91 and 1.15, respectively.
The lowest value of Rtr was 14.2 × 106 and occurred at 15.0 seconds
when Mv and Tw/Tv were 1.41 and 1.15, respectively.
The broken curve in figure 7 showsthe variation of the ratio Taw/Tv
l
for a recovery factor of 0.88. While it might be expected that Rtr would
be greater when Tw was colder with respect to Taw , this trend is not
substantiated by the data.
Conditions of M v and Tw/T v below the solid llne are those for
theoretically infinite stability of the lazuinar boundary layer for two-
dimensional disturbances, as given by reference 15. As the Mach number
increased from 1.42 to 2.91 and the test conditions progressed into this
stability region, Rtr increased considerably; but this trend reversed
as the test conditions went farther into the region. As stated previously,
I
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the plotted values of Tw/T v are those at the transition stations; but
at more forward stations, TwIT v generally had a lower value. For
instance, at time 22. 5 seconds (M = 4.23, Rtr = 17.1 x 106 ) Tw/T v
was 2.4 at the transition point, station 15.5, but was less than 2.0 at
all measurement points from station 12.5 forward. The value Tw/T v = 2.4
is considerably outside the two-dimensional stability region at My
of 4.23, whereas the values of less than 2.0 are within it. The influence
on Rtr of such variations of Tw/T v along the surface is not known.
An extension of the two-dimensional stability theory, made by Dunn
and Lin (ref. 16), indicates that infinite stability to three-dimensional
disturbances does not exist at any condition of Mv and Tw/Tv, although
stability to very large Reynolds numbers (_i012) might be obtained at
somewhat colder wall conditions than those for infinite stability to two-
dimensional disturbances. The temperature-ratio condition was computed
in reference 16 to be 1.474 for Mach number 4. Although a condition of
TwITv = 1.23 at Mv = 3.84 was obtained during the present test, the
corresponding value of Rtr was only 17.7 x 106 •
Figure 8(a) shows the variation of the experimental values of Rtr
with Mv during the two periods of approximately constant Tw/T v noted
i
in figure 7- The open symbols are for a temperature ratio near 1.2,
whereas the solid symbols are for a temperature ratio of approximately
2.4. The time to which the data correspond and the transition station
and its temperature ratio are noted in the key. As noted previously,
the values of Rtr may be too small in cases where station 17 was chosen
as the transition location. For these cases the probable range of Rtr
is indicated. Also, at times 15.0 and 17.0 seconds, there is some doubt
in the selection of the transition station (see figs. 6(a) and 6(c)),
and Rtr is plotted as a range for these times also. The data for TwIT v
near 1.2 show that Rtr doubled as M v increased from 1.42 to 2.91, and
I
then decreased by half as M increased to 3.75. As M v further increased
to 3.84, Rtr was constant. It should be noted that these variations
in Rtr are not due exclusively to My; for although Tw/T v was essen-
tially constant, the wall temperature became colder with respect to Taw
as Mv increased. (See fig. 7.)
For a temperature ratio near 2.4, the value of Rtr is essentially
constant from Mach number 3.61 to Mach number 4.64 and is close to that
for a temperature ratio of 1.2.
Transition Reynolds numbers reported in reference 5 for a i0 ° total
angle cone are also shown in figure 8(a). The temperature ratios for
14
these data were from 1.19 to 1.36. The values of Rtr were about 50 per-
cent of the present values at Mach numbers below 3; however, as in the
present test, Rtr increased with Mach uumber up to a value of Mach num-
ber at which Rtr decreased sharply. The decrease occurred between Mach
numbers 3 and 3.5 in the present test and near 3-5 in the test of
reference 5.
values of Rtr obtained during the coasting period_ while TwIT vThe
!
was increasing and Mach number was approximately constant, are shown in
figure 8(b). The Mach number actually varied from 3.84 to 3.33 as shown
in the key, but this variation is less than +_8 percent from an average
of 3.55. The values of Rtr are plotted against the wall-temperature
CTw - Taw]/Tso , which indicates the aerodynamic heating con-parameter \ J! J
dition more clearly than the ratio Tw/T v. At values of (Tw - Tawl/Tso
from -0.15 to -0.23, the influence of the temperature parameter on Rtr
is obscured by the range of uncertainty of the measured Rtr. However,
it appears probable that Rtr increased slightly as the temperature
par_neter became more negative in this range. At values of (T w - Taw)/Tso
from -0.34 to -0.55 Rtr seems independent of the temperature parameter.
Also shown in figure 8(b) are flight measurements of Rtr at Mach num-
bers near 3.7 on the i0 ° total angle cone of reference 5. While these
values of Rtr are lower than in the present case, the trends with wall-
te_.uperature parameter appear to be somewhat similar in the two groups of
data.
Computed Skin Temperatures
In order to determine the accuracy with which the experimental skin
temperatures could be predicted, computations of skin temperature at
station ii and at station 29 were made for the flight conditions by using
theoretical laminar and turbulent heat-transfer coefficients, respectively,
and by assuming an emissivity of O. 3. The resultant temperature time
histories are shown in figure 9 along with the measured temperatures.
The laminar theory predicted the measured temperature at station ii with
a maximum discrepancy of about 40 °, and the turbulent theory based on
length from the nose tip did likewise for the measured temperature at
station 29.
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Measurements of aerodynamic heat transfer have been made at nine
stations on the 31-inch-long. 15 ° total-angle conical nose of a rocket-
propelled model at Mach numbers up to 5.2. The maxim_u local Mach num-
ber just outside the boundary layer on the cone was 4.65. Local Reynolds
numbers, based on length from the nose tip to a measurement station, covered
the range from 3.8 X 106 to 46.5 X 106 •
Laminar, transitional, and turbulent heat-transfer coefficients were
measured. The laminar data agreed well with flat-plate la_Linar theory
increased by V3 to account for the conical nose shape. The turbulent
data agreed well with turbulent theory for skin friction on cones using
Reynolds number based on length from the nose tip, and the modified
Reynolds analogy (Stanton number equals 0.6 of the local skin friction
coefficient).
Reynolds numbers at the beginning of transition, determined from
the heat-transfer coefficients, varied from 14.2 x 106 to 30.3 X 106 •
Considerable variation was noted in the length of the transitional region.
At a relatively constant ratio of wall to static temperature of 1.2,
the transition Reynolds number doubled as Mach number increased from 1.42
to 2.91 and then decreased by about half as Mach number increased from
2.91 to 3-75. As Mach number continued to increase to 3.84, the tran-
sition Reynolds number was constant.
At ratios of wall to static temperature near 2.4, the tr_uusition
Reynolds ntmlber was essentially constant at Mach numbers from 3.61 to 4.64,
and was close to the value for a temperature ratio of 1.2.
At Mach numbers near 3-5, the transition Reynolds number seemed
independent of the skin-temperature parameter, wall temperature minus
adiabatic-wall temperature divided by stagnation temperature, at values
of the temperature parameter from -0.34 to -0.55.
The transition Reynolds number was 17.7 x 106 at a condition of
Mach number and ratio of wall to static temperature near that for which
three-dimensional disturbance theory has been evaluated and has predicted
laminar boundary-layer stability to very high Reynolds numbers I_i012).
Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., June 12, 1956 .
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TABLE I
FLIGHT CONDITIONS OF COMPARATIVE DATA
Station 14 (fig. 5(e))
Time, sec My Rv Tw/Tv
16.5 2.91 16.9 X 106 1.16
17.1 3.62 21.5 1.21
17.5 3.84 22.4 1.52
18.0 3.75 20.6 1.77
18.2 3.70 19.9 1.80
19.15 3.50 16.6 1.91
Data from reference 5 (sta. 14)
Time, secl Mv Rv Tw/Tv
13.8 2.90 17.0 x 106 1.23
14.5 3.67 21.0 1.32
14.8 3.80 21.0 1.45
15.4 3.7_ 19.6 1.73
16.4 3.70 17.5 2.02
16.8 3.6_ 16.8 2.08
O
!
Time, sec
16.2
18.5
21.0
Station 25 (fig. 5(h))
Rv Tw/TvMv
2.54 26.4 × 106 1.15
3.63 33.5 2.15
3.61 25.7 2.62
Data from reference 5 (sta. 24)
l
Time, sec Mv Rv Tw/Tv
13.5 2.57 25.5 x iO6 1.53
16.0 3.70 30.8 2.22
18.0 3.60 24.0 2.65
Station 29 (fig. 5(i))
Time, sec! My Rv Tw/Tv
i5.7 2.03 24.5 x 106 i.20
i6.5 2.91 35.2 1.30
20.85 3.52 29.5 2.65
Data from reference i
Time, sec
2.3
3.2
10.4
Mv Rv Tw/Tv
2.0_ 26.6 x lO 6 1.10
2.82 36.5 1.39
3.50 26.2 2.22
Station 29 (fig. 5(i)) Data from reference 2
Time, sec My Rv Tw/Tv Time, sec
16.15 2.60 31.3 × 106 1.26 13.4
17.15 3.63 45.4 1.50 14.7
18.65 3.60 37.7 2.22 16.4
My Rv Tw/Tv
2.50 31.5 × 106 1.27
3.60 45.5 1.63
3.60 37.8 2.35
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c) Model and boosters on launcher.
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Figure i.- Concluded.
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